We demonstrate the compatibility of a Hadamard-coded multifocal array approach with a 1064 nm dispersive Raman microscope for improving the imaging speed. The system uses a galvomirror to generate a one-dimensional (1-D) multifocal array at the sample, and the Raman signals from the multiple foci are simultaneously detected by an InGaAs linear detector array. The superimposed spectra are deconvolved to retrieve the individual spectra at each focus. Using a silicon wafer as a test sample, we demonstrate that the method is ideal for the high noise detection conditions encountered when using 1064 nm excitation, InGaAs detectors, and high readout rates. An improvement in the imaging speed by as much as 14 times is achieved with this multifocal method. Raman microscopy is a powerful tool for nondestructive, labelfree chemical imaging that has found numerous applications in the pharmaceutical, forensic, semiconductor, materials science, and biological fields. Hyperspectral Raman images map the spatial distribution of different chemical species in a specimen. Excitation wavelengths in the visible (e.g., 532 nm) and near infrared (e.g., 785 nm) are most commonly used, but deep near infrared light (e.g., 1064 nm) is often used when probing highly fluorescent samples to suppress the strong fluorescent background, allowing for the weaker Raman signals to be detected. 1064 nm Raman spectroscopy has been shown to be a useful technique for characterizing biological tissues [1], plant specimens [2] , and ink samples [3] , to name a few.
Raman microscopy is a powerful tool for nondestructive, labelfree chemical imaging that has found numerous applications in the pharmaceutical, forensic, semiconductor, materials science, and biological fields. Hyperspectral Raman images map the spatial distribution of different chemical species in a specimen. Excitation wavelengths in the visible (e.g., 532 nm) and near infrared (e.g., 785 nm) are most commonly used, but deep near infrared light (e.g., 1064 nm) is often used when probing highly fluorescent samples to suppress the strong fluorescent background, allowing for the weaker Raman signals to be detected. 1064 nm Raman spectroscopy has been shown to be a useful technique for characterizing biological tissues [1] , plant specimens [2] , and ink samples [3] , to name a few.
Raman microscopy is slow because of the low scattering efficiency of the Raman process and the need to scan point by point to generate the image. Slow imaging speed is an issue that limits the broader utility of Raman microscopy for many applications. This issue is further exacerbated when operating at 1064 nm, since the Raman scattering efficiency is proportional to λ −4 , and the indium gallium arsenide (InGaAs) detectors that are commonly used in dispersive-based 1064 nm Raman spectroscopy have higher noise levels relative to the cameras used in the visible range. 1064 nm Raman spectroscopy has, therefore, been used primarily as a spectroscopic tool and not as an imaging method. The few studies that have demonstrated 1064 nm Raman imaging have required hours to generate an image [4] .
Several groups, including ours, have shown that multifocal excitation is a promising strategy to improve Raman imaging speeds. The general concept is that multiple foci that are generated at the specimen plane excite Raman spectra at different spatial locations, which are collected simultaneously by a single detector. Different configurations for multifocal Raman microscopy have been developed, including the use of a microlens array [5] , a spatial light modulator [6] [7] [8] , and scanning galvomirrors in conjunction with a 2-D CCD camera to collect the spectra simultaneously using different regions on the camera [9] [10] [11] . However, all of these designs are incompatible with 1064 nm Raman microscopy because commercially available InGaAs detectors consist of only a linear array. We have previously developed a Hadamard-modulated multifocal detection scheme and showed that it can improve hyperspectral imaging speeds under noisy detector conditions for both biological and nonbiological samples with relatively complex spectral features [6, 12] . X -Y scanning galvomirrors were used to generate a 2-D multifocal array at the specimen plane. Different Hadamard transform-based multifocal patterns were generated and detected by a CCD camera, which allowed for retrieval and reconstruction of individual spectra at each focus from the superimposed spectral data. In this Letter, we demonstrate the compatibility of this modulated multifocal detection scheme with linear InGaAs array detectors and its advantage in improving imaging speeds of dispersive 1064 nm Raman microscopy. Figure 1 is a schematic of the 1064 nm multifocal dispersive Raman microscope used in this Letter. A high-power (2 W max. power) 1064 nm diode laser (Changchun New Industries Optoelectronics Technology Co., MIL-H-1064) was used as the excitation source. The laser beam was rapidly steered by a galvomirror (Cambridge Technology, Inc., 6210 H) to generate a one-dimensional (1-D) Hadamard focal array at the sample plane along the x-dimension. A second galvomirror was used to scan the multifocal array along the y-dimension, allowing for the generation of two-dimensional (2-D) Raman images. The de-scanned Raman beam was focused into the entrance slit of a spectrometer (Princeton Instruments, Acton 2300i), and spectra were recorded by a cryogenically cooled (−100°C) InGaAs linear photodiode array (Princeton Instruments, Pylon-IR 1024-1.7). The microscope is equipped with a 20X/0.75NA air objective (Olympus). Figure 1 (b) outlines the workflow used to generate 2-D Raman images. Each row on the image was acquired using a 31-order S-matrix [13] , a 31 × 31 matrix. Each row of the S-matrix is used as a linear array of foci at the focal plane in which 16 foci are "on" and 15 foci are "off." The superimposed spectral data at each row of the hyper-spectral image were decomposed by applying the Hadamard encoding pattern in order to retrieve the individual spectrum at each pixel. The process is repeated for each of the image rows. Experimentally, this was achieved by programming the X galvomirror to raster scan the laser focus to the 16 "on" positions while skipping the 15 "off " positions. The Y galvomirror was used to scan each of the rows in the sample, therefore producing a 2-D hyperspectral Raman image. Winspec/32 (Princeton Instruments) was used to control the spectrometer and the InGaAs CCD camera. The mirror scanning, synchronization, and data acquisition were controlled using LABVIEW. MATLAB was used to process spectra and generate images. It is worth noting that no spectra or image noise reduction or smoothing filters were used. Figure 2 shows point scan and multifocal Raman images based on the 520 cm −1 peak of a silicon wafer. For the point scan image, the power was set to 16 mW, and the integration time for each pixel was set to 0.413 s, for a total image acquisition time of 808 s for a 31 × 31 pixel image. The total acquisition time includes the time it takes to read out the detector and transfer the data to the computer, roughly 500 ms per pixel. The energy dosed (product of power and integration time) at each pixel was 6.6 mJ. For the multifocal approach [ Fig. 2(b) ], the acquisition time for each 16 "on" foci pattern was set to 0.251 s. In order to set the same energy dose, the laser power was set to 420 mW, thus maintaining it at 6.6 mJ per pixel. The time spent to acquire the 31 different patterns needed to deconvolve the spectra at each pixel in each row of the image was 16.3 s (including a readout time of ∼500 ms per pattern), for a total image acquisition time of 506 s for a 31 × 31 pixel image, resulting in a 1.6 speed improvement. Notice that since the energy dose was kept constant for both imaging modalities, the spectra obtained [ Fig. 3(c) ] show the same CCD counts. Consequently, the Hadamard multifocal technique does not adversely affect the quantification feature of Raman spectroscopy.
An important advantage of the coded Hadamard 2-D pattern measurement for parallel detection along the horizontal dimension of the camera is the improvement of the . Each of the 31 S-matrix rows is used to generate a focal pattern on the sample; the red dots indicate "on" foci. The data from the 31 patterns are then used to retrieve the spectral data at individual pixels along one image row. By repeating these steps for N rows on the sample, we generate a 31 pixels by the N pixels image. signal-to-noise ratio (SNR) by a factor as high as N 1∕2
1∕2 , where N is the order of the S-matrix [13] . Figure 2 (c) shows Raman spectra from the pixel marked with a star in Fig. 2(a) from both the point scan and the Hadamardencoded pattern after reconstruction. The SNRs calculated for the 520 cm −1 peak are 20 and 66, respectively. The 3.3 fold SNR improvement already provides an advantage on its own, but it also implies that datasets with a similar SNR could, in principle, be acquired much faster with the multifocal method.
Images shown in Fig. 2 were acquired using the slowest detector readout rate, 500 kHz, thus providing the lowest system read noise. Under these low noise conditions, the Hadamardcoded method is only able to produce a SNR 3.3 times better than the point scan. However, the Hadamard method advantages can be further demonstrated under noisier conditions; such is the case at higher readout rates. Higher readout rates are highly desired to reduce total acquisition time. In addition, as the integration time per pixel becomes smaller, the detector readout rate becomes one of the main limiting factors to acquire images faster. Figures 3(a) and 3(b) show point scan and multifocal scan Raman images based on the 520 cm −1 peak of a silicon wafer acquired using the fastest detector readout rate (2 MHz) and the same energy dose per pixel (13.2 mJ). Under these conditions, both methods are able to produce comparable images, but an analysis of the spectra [ Fig. 3(d) ] shows that the multifocal approach produces spectra with a SNR of 37.6, 9.4 times larger than the point scan spectra, which have a SNR of only 4. In fact, to get spectra with a SNR comparable to the multifocal method, we had to increase the integration time per pixel to 11.5 s [ Fig. 3(c) ], thus making the total point scan image acquisition time 3642 s. A comparison of Figs. 3(b) and 3(c) clearly shows the benefits of the multifocal over a point scan approach. The Hadamard approach produced a hyperspectral dataset with a SNR comparable to the one obtained with the point scan method, but 14 times faster.
Another approach commonly used to improve the SNR is averaging. We compare the ability of the multifocal method to increase the SNR to the case in which the spectra are averaged at each pixel for multiple single point scans. Figure 4(c) shows the image result of averaging the spectra of 16 consecutive point scans. We chose 16 scans to make a fair comparison to the multifocal method where each focus is illuminated 16 times. Each of the 16 point scans was acquired using a 0.0314 s integration time per pixel and 420 mW of laser power, for an energy dose per pixel of 13.2 mJ. Figures 4(a) and 4(b) show the energy dose equivalent single point scan and multifocal images. The averaging procedure is able to improve the SNR from 37.7, obtained with the single point scan, to 44. On the other hand, the multifocal approach results in a SNR of 53.8, a 1.2 × improvement compared to the single point scan image. This improvement may seem modest but, when taking into account the significant difference in total acquisition time (757 versus 5458 s), the multifocal method not only shows an improved SNR, but it acquires the image seven times faster than the averaging approach, once more highlighting the advantages of the 2-D multifocal Hadamard-coded pattern technique.
We have demonstrated that a Hadamard-coded multifocal pattern technique allows for multiplexed spectral detection with a linear detector array. The multifocal approach is able to improve both the imaging speed of Raman microscopy while also producing spectra with a higher SNR than those acquired using a traditional point scan approach. These features render the multifocal approach particularly suitable for a 1064 nm excited Raman spectroscopy, where long imaging times are dictated by the weaker Raman signals that are generated in the deep near infrared spectrum, and the available detectors are significantly noisier than those designed for the 400-800 nm range. We demonstrated that under conditions with the highest system readout noise the multifocal approach is able to image 14 times faster than the point scan for a 31 × 31 pixel image. For larger multifocal arrays (i.e., higher-order S-matrices), we expect that the method will increase imaging speeds even further. The detection pathway of the system is identical to the one commonly found in point scan Raman microscopes, thus simplifying the implementation and, as we have shown before [12] , the method maintains diffraction limited confocality. We have also previously demonstrated that the method is suitable for imaging samples with feature-rich spectra [i.e., polystyrene and poly(methyl methacrylate)] and samples with more diverse spectra, such as a single yeast cells [6, 12] . On the down side, the time-sharing multifocal approach quickly scans a high-power laser source, thus distributing the energy over the multiple "on" foci. Although the galvomirrors scan at 8 kHz rate per axis, the rate is slower than light-matter interactions. Photodamage to more sensitive samples (e.g., biological) is possible, especially when considering the relatively higher water absorption (at 1064 nm) than in the near infrared. Future work to address this issue will focus on implementing a power sharing method, similar to the one presented in [6] .
This Letter, to the best of our knowledge, is the first to demonstrate multifocal parallel spectral detection with a linear InGaAs array, which has the potential to make Raman microscopy with 1064 nm of excitation a more widely applicable technique for imaging highly fluorescent samples. Total image acquisition time is significantly decreased with the multifocal method due to the ability to obtain a higher SNR using shorter integration times. The method allows the use of inherently noisier cameras, such as InGaAs arrays, at the fastest readout rates without the drawbacks associated with elevated system noise.
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